The effect of edge and screw dislocations on the electrical and optical properties of n-type Al 0.34 Ga 0.66 N is investigated. It is found that edge dislocations strongly affect the electrical properties of n-type Al 0.34 Ga 0.66 N. Both free carrier concentration and mobility decrease with increasing edge dislocation density. Edge dislocations also enhance nonradiative recombination, which is indicated by decreasing near-band-edge UV as well as parasitic blue photoluminescence. The UV/blue ratio is found to be independent of the edge dislocation density but strongly depends on the Si doping concentration. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3021076͔ GaN-based semiconductor and its aluminum-and indium-containing alloys have numerous applications in optoelectronic and microelectronic devices, such as lightemitting diodes ͑LEDs͒ and laser diodes, and high electron mobility transistors. Most of the GaN-based materials and devices are grown on sapphire or SiC substrates due to the lack of high quality native bulk substrates. The large lattice and thermal mismatch between III-nitrides and sapphire substrates results in a high density of threading dislocations ranging between 10 7 and 10 11 cm −2 . 1 Transmission electron microscopy investigations have shown high screw dislocation densities near the substrate-buffer interface, as well as high edge dislocation densities threading from the substratebuffer interface to the epilayer surface.
GaN-based semiconductor and its aluminum-and indium-containing alloys have numerous applications in optoelectronic and microelectronic devices, such as lightemitting diodes ͑LEDs͒ and laser diodes, and high electron mobility transistors. Most of the GaN-based materials and devices are grown on sapphire or SiC substrates due to the lack of high quality native bulk substrates. The large lattice and thermal mismatch between III-nitrides and sapphire substrates results in a high density of threading dislocations ranging between 10 7 and 10 11 cm −2 . 1 Transmission electron microscopy investigations have shown high screw dislocation densities near the substrate-buffer interface, as well as high edge dislocation densities threading from the substratebuffer interface to the epilayer surface. 1 These threading dislocations may introduce energy levels within the band gap of GaN or AlGaN, which adds an additional recombination path other than the near-band-edge recombination. [2] [3] [4] [5] [6] [7] Threading dislocations may also act as scattering centers and thus affect carrier transport. 1, 2, [8] [9] [10] In this letter, the effect of edge and screw dislocations on the electrical and optical properties of n-type Al 0.34 Ga 0.66 N is investigated.
Samples are grown by metal-organic vapor-phase epitaxy ͑MOVPE͒. Trimethylgallium ͑TMGa͒, trimethylaluminum ͑TMAl͒, and ammonia ͑NH 3 ͒ are used as precursors for Ga, Al, and N, respectively. Diluted silane ͑SiH 4 ͒ is used as the n-type dopant source. First, eight AlN templates with different dislocation densities are grown on c-plane sapphire substrates. Among these eight AlN templates, six of them are grown using a two-step growth technique, which involves a low-temperature AlN ͑825°C͒ nucleation layer with different thicknesses and growth conditions, followed by a 300-nm-thick high-temperature ͑HT͒ AlN layer ͑1200°C͒. The other two AlN templates are grown using a flowmodulation ͑FM͒ technique, during which TMAl and NH 3 are introduced into the reactor chamber in a pulse sequence at a high growth temperature ͑1200°C͒. After the repetition of pulse sequences, TMAl and NH 3 are changed to a continuous-flow mode to grow a 300-nm-thick HT AlN layer. The surface morphology and crystalline quality of AlN templates are characterized by atomic force microscope ͑AFM͒ and x-ray diffraction ͑XRD͒. It is found that the AlN templates grown using the FM technique have smaller full width at half maximum ͑FWHM͒ for XRD ͑002͒ and ͑102͒ rocking curves, indicating a better crystalline quality compared to the two-step-growth AlN template. After the AFM and XRD characterizations, the eight AlN templates with different dislocation densities are reloaded into the MOVPE system for regrowth. Ten periods of Al 0.5 Ga 0.5 N / AlN superlattice and a 1-m-thick n-type AlGaN are grown on top of the AlN templates. Two series of samples with different SiH 4 flow rates, which are 7.88ϫ 10 −9 and 7.88ϫ 10 −10 mol/ min, respectively, are grown. After the growth, van der Pauw pattern Hall effect measurement measured the electron mobility and concentration. A frequency-quadrupled Nd doped yttrium aluminum garnet laser with emission wavelength of 266 nm is used as the excitation source for photoluminescence ͑PL͒ measurements.
The electron mobility and concentration versus edge dislocation densities of n-type Al 0.34 Ga 0.66 N are shown in Fig.  1 . It has been reported that the FWHMs of XRD ͑002͒ and ͑102͒ rocking curves indirectly represent the screw and edge dislocation densities. 11, 12 We calculate the screw and edge dislocation densities by using the formula provided in Ref. 12 , which reveals the relation between the XRD rocking curve and the dislocation density. Vegard's law is used for the calculation of the lattice parameters of n-type Al 0.34 Ga 0.66 N. Figure 1 shows that the electron mobility decreases from 80 to 10 cm 2 / V s as the edge dislocation density increases. It was reported that an acceptorlike trap level is formed due to the dangling bonds along the edge dislocation lines. 1 In n-type GaN or AlGaN, this acceptorlike trap will be filled and therefore carries one electron charge. ing centers and reduce the electron mobility. Figure 1 also shows that the electron concentration decreases by a factor of 2 as the edge dislocation density increases from 4.7 ϫ 10 9 to 6.6ϫ 10 10 cm −2 , even though a fixed SiH 4 flow rate of 7.88ϫ 10 −9 mol/ min is maintained during the growth of this set of samples. The acceptorlike traps formed by the dangling bonds along the edge dislocation lines may compensate the Si dopant and thus reduce the free electron concentration. 9 In contrast to the strong dependence on the edge dislocations, the electron mobility and concentration show a weaker dependence on the dislocations with a screw component ͑not shown here͒. Allerman et al. 13 also reported a similar phenomenon where the sheet resistance of Si-doped AlGaN had a stronger dependence on edge dislocations than on screw dislocations. The stronger effect of edge dislocations on the electrical properties of n-type AlGaN can be explained by the fact that the density of dislocations with an edge component is usually one order of magnitude higher than the density of dislocations with a screw component, 13 resulting in a stronger interaction between electrons and edge dislocations. Figure 2 shows the room-temperature PL spectrum of two n-type AlGaN samples with different Al compositions. Both of them show a sharp near-band-edge emission at a shorter wavelength, which we will denote as the "UV emission." Besides the UV emission, there is another broad luminescence band at a longer wavelength, which we will refer to as the "parasitic emission." The parasitic emission in Si-doped AlGaN was found to originate from the acceptorlike compensating native defects. It has a similar nature as the yellow luminescence in GaN. 14 The peak wavelength of the UV emission blueshifts from 334 nm ͑3.72 eV͒ for Al 0.10 Ga 0.90 N to 304 nm ͑4.09 eV͒ for Al 0.34 Ga 0.66 N. Meanwhile, the peak wavelength of the parasitic emission also shifts from 510 nm ͑2.44 eV͒ down to 460 nm ͑2.70 eV͒. It is worth noting that the change of the UV emission energy ͑⌬E 1 = 0.37 eV͒ is larger than the change in the parasitic emission energy ͑⌬E 2 = 0.26 eV͒. This difference indicates that the acceptorlike defect energy level which causes the parasitic emission becomes deeper in AlGaN as the Al composition increases. The PL intensity of UV and parasitic blue emission versus the edge dislocation densities of n-type Al 0.34 Ga 0.66 N is shown in Figs. 3͑a͒ and 3͑b͒ , respectively. It is found that both UV and parasitic blue emission intensities decrease with increasing edge dislocation densities. The decreasing trend of PL intensities of both UV and parasitic blue emission implies that the nonradiative recombination is stronger at higher edge dislocation densities. However, similar decreasing trend is not observed when plotting the UV and parasitic blue emission intensities versus the screw dislocation density. Instead, randomly scattering data points are observed. The effect of different types of dislocations on the optical properties of nitride material is still controversial. Some reports showed that screw dislocations act as nonradiative recombination centers, 3, 15 while the others concluded that edge dislocations act as nonradiative recombination centers. 16, 17 Figure 3 indicates that edge dislocations have a strong effect on the optical properties of n-type AlGaN. Figure 3 also shows that the UV emissions from two sets of samples with different SiH 4 flow rates have similar intensities. On the contrary, the parasitic blue emission intensities decrease by one order of magnitude when SiH 4 flow rate is decreased from 7.88 ϫ 10 −9 to 7.88ϫ 10 −10 mol/ min. The parasitic blue emission intensity is proportional to the Si doping concentration. A similar proportional behavior has also been reported for the yellow luminescence in GaN. 7, 18 This relation indicates that the parasitic blue emission originates from acceptorlike compensating native defects because the defect concentration is proportional to the doping concentration. 14 The intensity ratio between the UV and parasitic blue emission is shown in Fig. 4 . Since the parasitic blue emission intensity is proportional to the doping concentration but the UV emission intensity is not affected by the Si doping, the UV/blue ratio increases by one order of magnitude when SiH 4 flow rate decreases from 7.88ϫ 10 −9 to 7.88 ϫ 10 −10 mol/ min. Furthermore, Fig. 4 shows that the UV/ blue ratio does not have a clear dependence on the edge dislocation density. Elsner et al. 5 suggested that the threading dislocations were likely to trap group-III vacancies or vacancy-oxygen complexes, which increase the intensity of parasitic emission. However, our result implies that the amount of defects trapped by threading dislocations may be much less than the total amount of compensating native defects introduced by Si doping. Therefore, the intensity of the parasitic emission in Si-doped AlGaN is mainly determined by the native defect density, which in turn is proportional to the Si doping concentration.
14 It is worth pointing out that the threading dislocations still play an important role in determining the recombination mechanism of AlGaN-based UV LEDs under different injection currents. The UV/blue ratio shows different dependences on the injection current with different threading dislocation densities. 19 In conclusion, the effect of edge and screw dislocations on the electrical and optical properties of n-type Al 0.34 Ga 0.66 N is investigated. Both free carrier concentration and mobility decrease with increasing edge dislocation densities. The acceptorlike traps formed by the dangling bonds along the edge dislocation lines act as Coulomb scattering centers and also compensate the Si dopant. The energy level of these compensating native defects becomes deeper in AlGaN as the Al composition increases. The edge dislocations also act as nonradiative recombination centers, which are implied by a decreasing PL intensity versus edge dislocation density. The UV/blue ratio is found to be independent of the edge dislocation density, but it strongly depends on the Si doping concentration.
Support from Crystal IS, DOE, NSF, Samsung Electro Mechanics Co., Sandia National Laboratories, and New York State is gratefully acknowledged. The authors would like to acknowledge Dr. Leo J. Schowalter from Crystal IS for useful discussions. 
